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Abstract 
The motivation for the development of a combined hot water and sorption store is to complement the advantages and to reduce 
the disadvantages of the two particular storage technologies. Hot water stores offer high heat supply rates but are particularly 
suitable for short term storage due to heat losses whereas for a sorption store the power drain is low but it shows the advantage of 
a high storage density and long-term heat storage almost without losses. The combined hot water and sorption store has been 
developed using the example of a solar thermal system for domestic hot water preparation. The store consists of a radial stream 
adsorber integrated in a hot water store. Adsorption and desorption experiments in laboratory have been conducted with a 
prototype store in full-scale. A numerical model of the combined store has been developed and annual simulations of a solar 
thermal system including a combined hot water and sorption store have been conducted. The thermal performance has been 
compared to those of reference hot water stores. The results of the experimental and numerical investigations will be presented in 
this paper and the benefit of a combined hot water and sorption store applied for solar thermal systems will be discussed.   
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Nomenclature 
ܣୡ୭୪ collector area 
ܿ୮ heat capacity 
݀ୟ୳୶ number of auxiliary heating days outside space heating season 
ܦୣ୤୤  effective diffusivity 
ε porosity 
ߟୱ୲୭ storage efficiency 
ୱ݂ୟ୴ annual energy saving 
ܩ୰ cross section load 
ߣୣ୤୤ effective conductivity 
ሶ݉   mass flow 
ሶ݉ ୟୢୱǡ୚ transferred mass flow (from gas to solid phase) 
݌ୌమ୓ water vapor pressure ߂ܪୟୢୱ adsorption enthalpy 
ߩ୥ density of gas 
ߩୱ density of solid 
ݎ  coordinate 
ݐ  time 
ݐୱ୲ୟ୥ stagnation time 
ܶ temperature 
ߴ temperature 
ୟܷ heat loss rate 
ܳୟ୳୶ energy for auxiliary heating 
ܳୡ୭୪ energy delivered by collector 
ܳୡ୭୬୴ energy demand of conventional, non solar thermal system to cover demand for hot water 
ܳୢ energy demand  
୪ܳ୮ energy loss through pipes in the collector loop 
ݔ୥ absolute humidity of gas flow 
ܺୋୋ equilibrium load 
ܺୗ water load of sorption material  
 
1. Introduction 
Fluctuating energy sources contribute to an increasing degree to our energy supply due to the growing part of 
renewable energy sources on the energy mix. Energy storage is therefore an important issue of science, related to 
both, electrical and thermal storage technologies. Compact stores providing high storage capacities are needed for an 
efficient use of these forms of energy. Hot water stores are commonly used in the field of thermal energy storage for 
domestic hot water or space heating. Sorption processes can serve as a promising alternative solution as they offer a 
high storage density and an almost loss-free storage [3]. However, the power drain is usually low for all stores using 
solids as storage material. The idea behind this work is the combination of a sorption store with a hot water store to 
complement the advantages and to reduce the disadvantages of the two different storage technologies. A combined 
hot water and sorption store has been developed for the application in a solar thermal system for domestic hot water 
preparation. An increase of the annual energy savings and a security of heat supply during summer entirely on a 
solar basis are the motivation for these activities. The extended context of this scientific work is to achieve 
advancements in the field of energy storage by means of open sorption processes.  
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2. Materials and Methods 
2.1. Storage concept 
Sorption processes can be operated under vacuum or in an open system. For a sorption process in combination 
with a hot water store an open system has been identified as most advantageous and flexible compared to a system 
under vacuum conditions. A direct integration of the sorption unit into the hot water store has been pursued. This 
causes that sensible heat, appearing during desorption of the sorption material, is transferred to the water 
surrounding the sorption storage unit and thus remains in the storage system. This is a further approach towards a 
quasi loss-free storage.  
The principal operating modes of a combined hot water and sorption store integrated in a solar thermal system are 
presented in Fig. 1. In the solar charging mode, as it is shown in Fig. 1 a), solar radiation available on the collector 
surface is used to charge the hot water store as it is done in conventional solar thermal systems with common hot 
water stores. If the demand of heat cannot be covered by the hot water store anymore due to a lack of solar radiation 
for a couple of consecutive days, a situation that occurs even during summer months, the adsorption process will be 
started (compare Fig. 1 b)). Ambient air flows through the sorption unit, water vapor adsorbs on the sorption 
material and the adsorption enthalpy is released, heating up the air flow. The heated air leaves the sorption material 
and flows along the annular gap between the sorption material and the water store while releasing heat to the water. 
Dry air leaves the sorption storage unit through the central tube. In times when enough solar radiation is available 
the sorption material is regenerated by surplus heat from the collector, as it can be seen in Fig. 1 c). For this purpose 
a coiled heat exchanger for desorption is integrated in the sorption material and a slight air flow helps to transport 
heat through the fixed bed of zeolite particles.  
 
 
  
(a) (b) (c) 
Fig. 1.: Principle of the combined hot water and sorption store: (a) solar charging of hot water store; (b) adsorption; (c) desorption 
2.2. Prototype of the combined hot water and sorption store 
Based on theoretical considerations and preliminary investigations in a small-scale sorption store a full-scale 
prototype of a combined hot water and sorption store has been built. The prototype store includes a 230 l hot water 
store and a 100 l sorption store. Pellets of the zeolite Köstrolith® 13XBF, currently one of the best commercially 
available material for this purpose, have been used as sorption material. Ambient air, containing water vapor as 
adsorptive, is blown through the fixed bed of particles during the adsorption process. The concept of a radial stream 
adsorber has been realized for the sorption store as it shortens the flow path for the air and hence reduces the 
pressure drop. A successful regeneration of the sorption material requires a uniform temperature distribution on a 
high temperature level inside the fixed bed of zeolite that, however, shows a low thermal conductivity. The 
desorption heat exchanger is positioned inside the sorption material along the air inlet to heat up the air directly 
when entering the fixed bed of zeolite particles. The air flow promotes the heat transport and the transport of 
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desorbed water vapor. The outer surface of the prototypes sorption unit is a cylinder that is folded several times in 
vertical direction, resulting in a star-shaped geometry in cross-sectional view. In this way the surface is enlarged 
compared to a smooth cylinder, improving the heat transfer to the hot water store, which is especially important for 
adsorption. An air-to-air heat exchanger serves to recover heat from the air flow leaving the sorption store and to 
preheat the incoming air. 
The humidity and the temperature of the incoming and outgoing air are measured. The temperature inside the 
sorption material is measured at 9 positions (three vertical and three radial positions) and the temperature inside the 
hot water store is measured at 7 vertical positions. 
Experimental investigations of the adsorption and desorption process in the prototype store have been performed 
in laboratory. To provide defined boundary conditions the solar collector can be replaced by an electric heater to heat 
up the fluid in the solar circuit. Desorption temperature, i.e. the fluid inlet temperature in the coiled desorption heat 
exchanger, is set to 180 °C. The flow rate is 140 l/h. The air flow rate is varied from 60 to 100 m3/h. Ambient air 
from the laboratory room is taken. The humidity of the air varies depending on the weather. 
2.3. Model of combined hot water and sorption store 
To evaluate the thermal performance of the combined hot water and sorption store in a solar thermal system a 
numerical model has been developed. The model development contains three steps: the sorption store model, the 
combined store model and the model of the solar thermal system. 
 The sorption store is modelled one-dimensional for radial flow, and considers one homogeneous energy balance 
for the gas and the solid phase and a mass balance for the gas and the solid phase each, as shown in the 
equations 1-4. The balances are complemented by an equation for the adsorption equilibrium according to 
Gorbach [2]. The parameters of the Gorbach equation have been fitted to measured data [5] of the sorption material 
Köstrolith® 13XBF. The adsorption isotherms are presented in figure 2. The software package PDEX [7] is used to 
solve the system of parabolic differential equations.  
 
Homogeneous energy balance for gas and solid phase: 
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Mass balance of component H2O in gas phase: 
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Mass balance of component H2O in solid phase: 
ሺͳ െ ߝሻ ή ߩୱ
߲ܺୱ
߲ݐ ൌ ሶ݉ ୟୢୱǡ୚ (3) 
 
Transferred mass flow:  
ሶ݉ ୟୢୱǡ୚ ൌ ݂ሺܺୋୋ െ ܺୱሻ (4) 
 
Adsorption equilibrium according to Gorbach: 
ܺሺܾ଴ǤǤସǡ݌௝ሻ ൌ ܾ଴ሺܶሻ ή
ܾଵሺܶሻ ή ݌௝ ൅ ܾଶሺܶሻ ή ݌௝ଶ
ͳ ൅ ܾଷሺܶሻ ή ݌௝ ൅ ܾସሺܶሻ ή ݌௝ଶ
 (5) 
ܾ଴ሺܶሻ ൌ ܾ଴ǡ଴ ή ݁௕బǡ೅ήሺଵି் బ்Τ ሻ (6) 
ܾଵǤǤସሺܶሻ ൌ ܾଵǤǤସǡ଴ ή ݁ሺ௕భǤǤరǡ೅ή బ் ்Τ ሻିଵ (7) 
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Fig. 2. Measured isotherms of water vapor and Köstrolith® 13XBF [5] and fitted curves according to equation 5 
 
A model of the combined hot water and sorption store has been set up in the simulation software TRNSYS, where 
the sorption store model [1] is coupled with a hot water store model (Type 340). PDEX is coupled with TRNSYS for 
that purpose. Heat from the sorption store is transferred to the water store through the hot air flow via an internal 
heat exchanger in the hot water store. Condensation enthalpy is considered if condensation of water vapor in the heat 
exchanger occurs during desorption. An air-to-air heat exchanger recovers heat from the heat exchangers outgoing 
air, preheating the ambient air before it enters the sorption store. The model has been compared to experimental data 
from the prototype. 
 
The model of the entire solar thermal system, set up in TRNSYS, includes the combined hot water and sorption 
store, a solar collector, a solar radiation processor, an air-to-air heat exchanger, solar circuit pipes, an auxiliary 
heater and controllers. The following assumptions have been made to perform annual simulations. The weather data 
used is the test reference year of Würzburg, Germany. Vacuum flat plate collectors, with a collector area of 6 m2 and 
45° tilt angle, are used as they offer good performance even for high temperatures (test report 11col1028, TZS, 
University of Stuttgart, Germany). A volume of 200 l water at 45 °C is drawn from the hot water store per day which 
corresponds to 2945 kWh per year, representing the hot water energy demand for a single family house. The backup 
volume of the hot water store is 90 l. The heat loss rate of the water store has been set according to the stores total 
volume to ୟܷ ൌ ͲǤͳ͵ඥ ௌܸ௧௢Ȁ  W/K. The effectiveness of the air-to-air heat exchanger has been set to 0.99 to 
demonstrate the potential of the system. 
Conditions for the start and stop of the adsorption and desorption process have been defined. The decision 
between solar charging and desorption initially depends on the hot water store temperature. Solar charging of the hot 
water store is performed as long as the hot water temperature is below 65 °C. If the water store temperature rises 
above 65 °C the system is switched to desorption mode, if the appropriate conditions are fulfilled. Desorption starts 
if the collector outlet temperature is at least 20 K above the sorption store temperature and not less than 90 °C. 
Otherwise, an estimation is performed if the collector can reach the certain temperature within a specified time. If 
not, the system is switched back to solar charging of the hot water part of the store and desorption is locked for a 
certain time. Adsorption starts for the hot water store temperature falling below the adsorption temperature limit of 
52 °C. Further required conditions are the sorption material to show a water load of 80 % at maximum and the 
ambient air to show a humidity of at least 0.0035 kg/kg. The air mass flow during adsorption is 150 kg/h. The air 
mass flow during desorption varies from 10 to 100 kg/h, depending on the desorption set temperature, that, coming 
from 90 °C, is increased stepwise in order to reach 20 K above the temperature of the air at the sorption store outlet. 
The mass flow in the solar circuit is ሶ݉ ൌ ܣୡ୭୪ ή ͶͲȀȀଶ  for solar charging and ሶ݉ ൌ ܣୡ୭୪ ή ͷͲȀȀଶ  for 
desorption. 
Annual simulations have been performed with the model. The results are compared with conventional hot water 
stores as a reference, assuming the same boundary conditions as for the combined stores simulations. Performance 
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indicators, like the annual energy saving and the efficiency of the store, are used for the comparison of the 
simulation results. The annual energy saving is defined in equation 8 with ܳୡ୭୬୴ being the energy demand of a 
conventional non solar thermal system to cover the demand for hot water and ܳୟ୳୶  being the auxiliary heating 
energy. The storage efficiency is defined in equation 9 as the ratio of supplied solar heat to the store and removed 
solar heat from the store. 
 
ୱ݂ୟ୴ ൌ
ܳୡ୭୬୴ െ ܳୟ୳୶
ܳୡ୭୬୴  (8) 
 
ߟୱ୲୭ ൌ
ܳୢ െ ܳୟ୳୶
ܳୡ୭୪ െ ୪ܳ୮ (9) 
3. Results and discussion 
The results of the experimental and numerical investigations are presented in this section and the advantages of  
combined stores applied to a solar thermal system for domestic hot water preparation in comparison to reference hot 
water stores are discussed. 
3.1. Experimental investigation  
The behavior of the combined hot water and sorption store during the adsorption and desorption process will be 
presented for an exemplary experiment each. 
During the regeneration of the sorption material heat transport in the sorption store, or rather heat transport from 
the desorption heat exchanger through the sorption material, is a challenging issue due to the low thermal 
conductivity of the sorption material. A successful regeneration of the sorption material requires a uniform 
temperature distribution on a high temperature level inside the fixed bed of zeolite. A homogeneous heating of the 
sorption material is satisfactorily reached in the desorption case, due to the air supported heat transfer concept, that 
also favors transport of desorbed water vapor. The average temperatures in the sorption store at three radial positions 
and the average temperature in the water store are presented in figure 3 a) for a desorption experiment. The positions 
of the temperature sensors are depicted in figure 3 c). In 11 hours, the temperature rises up to 130 °C, 145 °C and 
150 °C, depending on the radial position in the sorption store. In a stand-alone sorption store heat losses from the 
heated air would occur. The concept of the integrated sorption store causes that these “heat losses” are transferred to 
the water store and remain in the system. This leads to a temperature lift in the water store of 15 K in the regarded 
experiment and is a further approach to a loss-free storage. The water vapor load of the sorption store decreases by 
0.14 kg/kg in 11 hours. This corresponds to an energy storage density of 95 kWh/m3, assuming a bulk density of 
680 kg/m3 and an adsorption enthalpy of 3600 kJ/kg. A desorption time of 11 or more hours cannot be realized in 
one day with a solar collector, due to the limited number of hours with sufficient irradiance, but desorption can 
simply be distributed to multiple days.  
The mean temperatures in the sorption store and in the water store for an adsorption experiment are presented in 
figure 3 b). The temperature front, and so the adsorption front, moves through the sorption material in radial 
direction from the inner to the outer region. The adsorption process lasts for about 10 hours in the regarded 
experiment. According to the adiabatic temperature rise defined as  οܶ ൌ οݔ ή ο݄ୟୢୱ ܿ୮Τ  the temperature rise due to 
adsorption enthalpy is about 18-43 K, depending on the humidity difference of the incoming and outgoing air, that 
varies between 0.012 kg/kg and 0.005 kg/kg in the regarded time frame. The incoming air at ambient temperature is 
preheated in the air-to-air heat exchanger up to 65 °C before entering the sorption store. This leads to a temperature 
level in the sorption store of up to 100 °C and a high temperature gradient to the water store, as the mean water store 
temperature at the beginning of the experiment is 42 °C. The high temperature gradient is beneficial for the heat 
transfer. The result is a temperature lift in the water store of 17 K within 10 hours. In 10 hours of the adsorption 
experiment the adsorption enthalpy released is 9.9 kWh. The water in the water store has gained 4.55 kWh. But it 
should be noted that the prototype store has a high heat loss rate, owing to several connections and a non-insulated  
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store bottom for monitoring purposes. The heat losses from the store are assumed to be in the order of 1.6 kWh. This 
means the actual transferred energy from the sorption store to the water store is about 6.15 kWh. A small amount of 
0.14 kWh is attributed to the temperature rise in the sorption store. About 3.36 kWh are removed from the system by 
the air flow despite heat recovery. This shows, that the recovery of the energy in the outgoing air is an important 
issue for the efficiency of the system. 
3.2. Numerical investigation  
A good agreement of the sorption store model with experimental data has been found in former work [4]. 
The model of the combined hot water and sorption store has been compared with experimental data from the 
prototype. A highly dynamic experiment, with five hot water draw-offs at intervals of 2 hours and a simultaneous 
adsorption in the sorption store is presented for the comparison with the simulation. The draw-offs are followed by a 
conditioning to the water store start temperature of 45 °C. The temperatures in the water store and in the sorption 
store presented in figure 4 a) and b) show that the simulation results are in good qualitative agreement with the 
experiment. In the experiment a total energy of 4.59 kWh has been removed from the water store through draw-offs 
and conditioning. The removed energy of the corresponding simulation is 4.65 kWh which is a relative error of 
1.3 %. However the deviation between single draw-offs are partly higher. Nevertheless the experimentally shown 
behavior is described well by the simulation, despite the complex model with many overlaying mechanisms. Hence 
the prerequisites for annual simulations with a solar thermal system including the combined hot water and sorption 
store are set.  
Annual simulations of a solar thermal domestic hot water system including the combined store model have been 
conducted to show the performance of the developed store. The simulation results – such as the annual energy saving 
ୱ݂ୟ୴, the efficiency of store ߟୱ୲୭, the auxiliary heating days ݀ୟ୳୶ needed in times outside the heating season and the 
stagnation times of the collector ݐୱ୲ୟ୥  – have been compared to reference stores, i.e. conventional hot water stores. 
The volume of the water store in the simulations is 230 l. The volume of the sorption store is varied between 100 l 
and 300 l. The water volume of the respective reference stores is the sum of these volumes. The results of the annual 
simulations are presented in table 1.  
The annual energy saving and the storage efficiency are depicted in figure 5 a). The annual energy savings for the 
combined store are around 76 %. They are 4.4–5.6 percentage points lower for the reference stores. At first ୱ݂ୟ୴ 
increases with the store volume to a certain extend but then decreases from a certain volume on, because of the more 
and more unfavourable ratio of volume and surface. According to this the volume of a conventional hot water store  
  
 
(a) (b) (c) 
Fig. 3. Average temperature in water store and average temperatures in sorption store at 3 radial positions; SS…sorption store, WS…water 
store; (a) desorption experiment, flow rate 140 l/h, desorption temperature 180 °C, air flow rate 60 m3/h; (b) adsorption experiment, air flow rate 
95 m3/h; (c) position of temperature sensors in combined hot water and sorption store 
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cannot arbitrarily be increased in order to increase ୱ݂ୟ୴ of a system. The storage efficiency decreases with increasing 
volume for the reference stores and also for the combined store but to a lower extent, due to the loss-free storage in 
the sorption store. The stagnation times are lower for the combined stores, because surplus energy from the collector 
is used for the regeneration of the sorption material. The operating hours of the system are higher compared to the 
reference stores. 
In general there is no space heating demand at the location of Würzburg during the time from middle of May until 
middle of September. The fossil auxiliary heater could be switched off in this time, if the demand of hot water could 
be covered entirely on a solar basis. However, this is hardly possible with conventional hot water stores because a 
couple of consecutive days without solar radiation can also occur in the summer months and a hot water store of 
common size cannot store energy for an arbitrary time due to heat losses. The thereby required frequent switching-
on and off for of the burner for short times is unfavourable and the burner operates at low efficiency of about 65 %. 
The simulation results concerning the number of days with auxiliary heating outside the space heating period are 
presented in figure 5 b). In a system with combined store ݀ୟ୳୶ is less compared to the reference stores. E.g. for a 
total store volume of 430 l only 2 days with auxiliary heating remain, whereas the reference store of the same size 
still need 10 days. Switching off the burner despite 1 or 2 remaining auxiliary heating days is a question of the 
inhabitants convenience. The combination of a sorption store with a hot water store is a promising step towards the 
aim of leaving the backup heater out of operation during the summer months outside the heating season and to 
ensure the security of heat supply entirely on solar basis. 
Table 1. Simulation results for solar thermal systems with combined hot water and sorption stores (WS+SS) and reference hot 
water stores (WS); annual energy saving, storage efficiency, stagnation times and auxiliary heating days outside heating season  
 ୱ݂ୟ୴ / % ߟୱ୲୭ / % ݐୱ୲ୟ୥ / h ݀ୟ୳୶ / d 
230 l WS + 100 l SS 76.2 72.5 156 8 
330 l WS 70.7 70.3 585 13 
230 l WS + 150 l SS 76.6 72.0 149 4 
380 l WS 71.2 69.0 545 12 
230 l WS + 200 l SS 76.4 70.7 146 2 
430 l WS 71.4 67.6 514 10 
230 l WS + 250 l SS 76.2 69.9 143 1 
480 l WS 71.6 66.3 475 10 
230 l WS + 300 l SS 76.0 69.1 141 1 
530 l WS 71.6 64.9 436 7 
 
  
(a) (b) 
Fig. 4. (a) Temperatures at three radial positions in the sorption store during draw-off sequence,  (b) temperatures at three vertical positions in 
the water store during draw-off sequence, simulation (–) and experiment (–) 
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(a) (b) 
Fig. 5. (a) Storage efficiency and annual energy saving, depending on the total store volume of combined hot water and sorption stores (WS+SS) 
and reference stores (Ref); (b) auxiliary heating days outside space heating season 
4. Conclusion 
A combined hot water and sorption store has been developed to combine the advantages of both storage 
technologies, the high power drain from the hot water store and the quasi loss-free storage in the sorption store. The 
concept has been investigated using the example of a solar thermal system for domestic hot water. An open sorption 
process, supporting humidity transport, and a sorption store directly integrated into the water store, minimizing heat 
losses, has been identified as most promising for the application. The concept of a radial stream adsorber has been 
realized due to the low pressure drop.   
A full-scale prototype of the combined store has been built-up and adsorption and desorption experiments have 
been conducted in laboratory. It has been demonstrated that the concept works and the sorption store integrated in a 
hot water store is beneficial. A high and sufficiently homogeneous temperature up to 150 °C has been reached in the 
sorption store for the regeneration of the sorption material, owing to the desorption heat exchanger with the air 
supported heat transport. Adsorption experiments have shown that a high temperature gradient to the water store has 
been reached that favors the heat transfer. The released adsorption heat with low power can be made useful for high 
power drain by transferring it to the water store. Recovery of energy from the hot air leaving the system is 
particularly important for the system efficiency, especially during adsorption.  
Numerical simulations have been conducted with a model of the combined store. The results have been found to 
agree well with the experimental data from the prototype despite the complex behavior. The calculation is fast 
enough to perform annual simulations. To evaluate the performance of a solar thermal system including a combined 
hot water and sorption store, annual simulations of different store sizes have been performed and the results have 
been compared to a reference system with conventional hot water stores of the same size each. The annual energy 
saving is around 76 % for the combined stores and is on average 5 percentage points higher than for the reference 
stores. The auxiliary heating days outside the space heating season for the combined stores are 38.5 % to 90 % lower 
compared to the reference stores of the same size. Only 2 or 1 auxiliary days remain with the combined store of a 
total volume of 430 l or larger and the hot water demand can almost be covered entirely on a solar basis. 
A slightly better performance might still be reached by a further improvement of the complex controller 
conditions. Material development can also contribute to an improvement of the system. Further steps concerning 
material development are to be expected in the near future and the sorption material can easily be replaced by any 
other improved sorption material. A promising option is a predrying of the incoming air for desorption as a lower 
desorption temperature is sufficient to regenerate the sorption material to the same load with predryed air compared 
to non-predryed air [6]. It should not be concealed that the technical effort is not negligible for the regarded 
application of a solar thermal system. But the security of heat supply on solar basis is an important issue and 
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justifies a certain effort. Furthermore the concept is not restricted to the presented application. A usage in combined 
hot water and space heating systems (solar combisystems) as well as an upscale for larger systems, applications for 
industrial processes or alternatives such as electrical energy storage are possible.  
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